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Abstract
The unique properties of gold nanoparticles 
have stimulated the increasing interest in the 
application of GNPs in interfacing biological 
recognition events with signal transduction and 
in designing biosensing devices exhibiting novel 
functions. The optical properties of GNPs provide 
wide range opportunities for construction optical 
biosensors. The excellent biocompatibility, 
conductivity, catalytic properties and high 
surface-to-volume ratio and high density of 
GNPs facilitate extensive application of GNPs in 
construction of electrochemical and piezoelectric 
biosensors with enhanced analytical performance 
with respect to other biosensor designs. In this 
article, the recent advances in construction 
of GNP-based optical, electrochemical and 
piezoelectric biosensors are reviewed, and some 
illustrative examples given, with a focus on the 
roles GNPs play in the biosensing process and the 
mechanism of GNPs for improving the analytical 
performances. Finally, the review concludes with 
an outline of present and future research for the 
real-world applications. 
1 Introduction 
Sensors are a class of  devices that produce 
measurable responses to changes in physical 
conditions or chemical concentrations. In general, a 
sensor comprises a sensing element and a signal 
transducer, and produces a signal proportional to 
the analyte concentration. With the properties of  high 
sensitivity, fast responds and low cost, the sensors 
continue to make signiﬁcant impact, especially in 
biological and medical applications.  
Biosensors - ﬁrst reported in 1962 [1] - are generally 
deﬁned as sensors that consist of  biological 
recognition elements, often called bioreceptors, or 
transducers [2]. Biosensors have two basic principles 
different from conventional chemical sensors: (1) the 
sensing elements are biological structures, such as 
cells, enzymes, or nucleic acids; (2) the sensors are 
used to measure biological processes or physical 
changes. Owing to the constant desire for novel 
devices that offer higher sensitivity, greater analyte 
discrimination, and lower operating costs, intensive 
research efforts have been put to improve the 
sensing and transducing performance. 
With the recent advances in nanotechnology, 
nanomaterials have received great interests in the 
ﬁeld of  biosensors due to their exquisite sensitivity 
in chemical and biological sensing [3].  Many kinds 
of  nanoparticles, including metal nanoparticles, 
oxide nanoparticles, semiconductor nanoparticles, 
and even nanodimensional conducting polymers 
have been used in biosensors. For example, the 
use of  gold and silver nanoparticles, or silver-silica 
hybrid nanostructures as biosensor substrates 
have been reported by several laboratories 
[4-6]. Some oxide nanoparticles and semiconductor 
nanoparticles such as MnO
2
 nanoparticles [7] and 
CdS nanoparticles [8] are also applied to construct 
biosensor.  Owing to these unique properties, 
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different kinds of  nanoparticles always play different 
roles in different sensing systems. Generally, metal 
nanoparticles are always used as components 
of  “electronic wires”. Oxide nanoparticles are 
often applied to immobilize biomolecules, while 
semiconductor nanoparticles are often used as 
labels or tracers [9]. Among the nanomaterials used 
as component in biosensors, gold nanoparticles 
(GNPs) have received greatest interests 
because they have several kinds of  intriguing 
properties [10, 11]. GNPs, with the diameter of  
1-100 nm, have high surface-to-volume ratio 
and high surface energy to provide a stable 
immobilization of  a large amount of  biomolecules 
retaining their bioactivity. Moreover, GNPs have an 
ability to permit fast and direct electron transfer 
between a wide range of  electroactive species and 
electrode materials. In addition, the light-scattering 
properties and extremely large enhancement 
ability of  the local electromagnetic ﬁeld enables 
GNPs to be used as signal ampliﬁcation tags in 
diverse biosensors. 
In this article, different types of  GNP-based 
biosensors are reviewed with focus on GNPs that 
are immobilized. Thus, biosensors in which the 
GNPs are initially in suspension are not discussed 
herein, but without doubt they have potential in 
a variety of  analyte detection (eg. The work by 
Liu and Lu on a colormetric lead biosensor using 
DNAzyme-directed assembly of  GNPs [12] and the 
GNPs-based chemiluminescence system for DNA 
hybridization detection[13]). 
With different types of  signal transducers, the 
physical or chemical changes that occur during 
the binding of  the analyte to the bioreceptors 
of  biosensors can be transformed into optical, 
electrical, or qualitative output signals etc. According 
to these transductions, different types of  GNP-based 
biosensors are considered separately in the review 
and some illustrative examples commented. 
 
2 GNP-based biosensors
As described previously, GNP-based biosensors 
can be classiﬁed into optical biosensors, 
electrochemical biosensors and piezo-electric 
biosensors. In the following, an introduction 
into various types of  GNP-based biosensors is 
presented. The roles that GNPs have played in the 
biosensing process and the mechanism of  GNPs 
for improving the analytical performances are in the 
main focus (Table 1).
Table 1. Different functions of  GNPs in biosensor systems
Types of  Principle of Functions of Properties Sensor Typical 
biosensors detection GNPs used advantages examples
Optical  Changes in Enhancement of  large dielectric constant, Improved sensitivity DNA sensor with GNPs
biosensor optical properties refractive index  high density, high  responses 1000 times 
  changes molecular weight  more sensitive than   
     without [34].
  Enhancement of  Conductivity, Improved sensitivity Electron transfer rate 
  electron transfer quantum dimension  of  5000 per second with 
     GNPs, while 700 per 
     second without GNPs [4]
Electrochemical  Changes in Immobilization Biocompatibility, Improved sensitivity Glucose biosensor with 
biosensor electrical  platform large surface area and stability GNPs achieves 
 characteristics     detection limit of  
     0.18 μM [82].
  Catalysis of   High surface energy, Improved sensitivity NADH sensor based on 
  reactions interface-dominated  and selectivity GNPs shows 780 mV 
   properties  overpotential decrease 
     without any electron   
     transfer mediators   
     [114]. 
Piezoelectric Changes in mass Biomolecule Biocompatibility, high Improved sensitivity DNA sensor using 
biosensor  Immobilization, density, Large  GNPs as ampliﬁcation 
  ampliﬁcation of   surface-to-volume  tags with detection limit 
  mass change ratio,  of  10-16 mol/L [134]
Gold Bulletin 
Volume 43  No 1  2010
31
2.1 GNP-based optical biosensors
Optical biosensors generally measure changes 
in light or photon output. For optical biosensing 
utilizing GNPs, the optical properties provide a 
wide range of  opportunities, all of  which ultimately 
arise from the collective oscillations of  conduction 
band electrons (‘‘plasmons’’) in response to external 
electromagnetic radiation [14]. There are several 
optical sensing modalities for GNPs, and the surface 
plasmon resonance (SPR) is the one that attracted 
most intensive research. SPR, which is an optical 
phenomenon arising from the interaction between an 
electromagnetic wave and the conduction electrons 
in a metal, is used for probing and characterizing 
physicochemical changes of  thin ﬁlms on metal 
surface [15, 16]. This resonance is a coherent 
oscillation of  the surface conduction electrons 
excited by electromagnetic radiation. The binding of  
speciﬁc molecules onto the surface of  metallic ﬁlms 
can induce a variation in the dielectric constant, 
which can cause a change in the reﬂection of  laser 
light from a metal-liquid surface (Fig.1) [15, 16]. 
GNPs, whose optical extinction spectrum is highly 
sensitive to the dielectric constant of  the surrounding 
medium [17, 18], have been studied intensively in 
SPR to provide better analytical characteristics. 
In 1998, Englebienne reported a red-shift of  the 
SPR wavelength of  colloidal gold particles coated 
by a monoclonal antibody [19]. He demonstrated 
that this shift originated neither from agglutination 
nor aggregation, but was due to a change in the 
refractive index of  the individual particles subsequent 
to further coating by the speciﬁc ligand when 
binding to the antibody. This ﬁnding was supported 
by two observations. Firstly, after incubation with a 
wide range of  anti-human heart fatty acid-binding 
protein (hFABP) concentrations, the ﬁxed amount 
of  independently colloidal gold coated with 
identical concentrations of  three monoclonal hFABP 
antibodies, which were deﬁnitely shown to recognize 
each a single independent epitope on the hFABP 
molecule, showed three completely different dose-
response relationships [19]. Secondly, the height of  
analytical response was inverse related to the afﬁnity 
of  the respective antibodies, which was consistent 
with the inversely proportional relationship between 
antibody afﬁnity and binding capacity [20]. Since 
then, numerous labs have put effort into the work 
for correlating peak intensity and position of  the 
surface plasmon absorbance of  GNPs with the local 
refractive index of  the surrounding medium [21-
31], which is termed the localized surface Plasmon 
resonance (LSPR). 
GNPs are considered to have the ability to amplify 
the SPR signals [25, 32-42]. Lin et al. developed 
a ﬁber-based biosensor for organophosphorous 
pesticide determination utilizing the LSPR effect of  
GNPs [43]. By using a self-assembling technique, an 
acetylcholinesterase (AChE) layer was immobilized 
by covalent coupling onto the GNP layer. When 
suitable pesticides presented, the activity of  AChE to 
hydrolyze acetylcholine chloride would be inhibited 
and lead to the change of  the light attenuation 
due to a local increase of  the refractive index. The 
concentration of  pesticide could be determined 
based on the correlation between inhibition rate and 
light attenuation [43]. The comparative study of  the 
ﬁber sensor with and without GNPs suggested that 
the GNPs coated on optical ﬁber can substantially 
enhance the sensitivity of  the sensor [43]. A sensing 
method for the detection of  DNA hybridization by 
GNP-enhanced SPR was demonstrated by He and 
colleagues [34]. Oligonucleotide probes were used 
to conjugate to colloidal Au particles and used to 
selectively recognize surface-conﬁned target DNA 
via sequence-speciﬁc hybridization and GNPs 
were conjugated to the oligonucleotide probes 
as ampliﬁcation tags. In the presence of  GNPs, a 
greater than 1000-fold improvement of  sensitivity 
over the unampliﬁed methods was achieved [34]. 
Similarly, Li et al. developed a sensitive method for 
the analysis of  single nucleotide polymorphisms 
(SNPs) in genomic DNA using GNP-enhanced 
surface plasmon resonance imaging (SPRI) [44]. In 








Schematic of  surface plasmon resonance detection unit
Figure 1
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of  GNPs can be generally summarized into two points 
(Fig. 2): (i) the electronic coupling between the 
localized surface plasmon of  GNPs and the 
propagating plasmon on the SPR gold surface and 
(ii) the high density and high molecular weight of  
GNPs increase the apparent mass of  the analytes 
immobilized on them. Based upon the signal 
ampliﬁcation effect, Yang et al. developed a sensitive 
bioanalytical method for DNA detection utilizing 
catalytic growth of  GNPs enhanced SPR [36]. 
It should be noted the GNP-based SPR biosensors 
can be fabricated into an array format, which enables 
rapid, high-throughput screening of  biomoleclular 
interactions. Okamoto and colleagues demonstrated 
this type of  biosensor in 2000 [26]. They measured 
the absorption spectra of  the GNP monolayers in 
which GNPs were immobilized upon a glass slide 
by a functional organic coupling agent and found an 
optical response to polymers of  different refractive 
indexes that were spin-cast on the immobilized 
GNPs [26]. Subsequently, a series of  papers from 
different labs have presented this chip-based format 
optical biosensor, in which GNPs are immobilized 
on an optically transparent substrate [22, 23, 25, 
45-49].  For instance, Matsui et al. demonstrated a 
SPR sensor chip for detection of  small molecules 
like dopamine [47]. A dopamine-imprinted polymer 
gel with embedded GNP was fabricated on an 
allylmercaptan-modiﬁed gold substrate of  a chip. 
1. propagating plasmon wave
LSPR Detection
Analyte Bioreceptor Gold nanoparticle
substrate
LSPR Detection
2. enhancement of  apparent
 mass of  analytes
substrate
Signal ampliﬁcation mechanism of  GNPs in SPR biosensor. GNPs can also be immobilized on the substrate by bioreceptors and 










































Two construction ways of  GNP-reconstituted GO
X
 electrode, (a) adsorption of  GNP-reconstituted GOx to a dithiol monolayer 
associated with a Au electrode; (b) adsorption of  GPNs functionalized with FAD on the dithiol-modiﬁed Au electrode followed by the 
reconstitution of  apo-GOx on the functional GNPs. (From [4]. Reprinted with permission from AAAS)
Figure 3
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They found the SPR signal of  the chip was much 
higher than a chip immobilizing a lower density of  
GNPs or no GNPs.  Consequently, it was concluded 
that the incorporation of  GNPs into the molecularly 
imprinted polymer matrix substantially enhanced 
sensor sensitivity  [47]. 
For most of  the GNPs array SPR biosensors, 
sensing is generally based on the dependence of  
their SPR behaviors on either the refractive index of  
the surrounding media or the adlayer thickness or 
both [22, 23, 26]. Interestingly, Qi and co-workers 
demonstrated a humidity sensor based on the SPR 
sensitivity to the interparticle spacing other than to 
the surrounding refractive index or to the adlayer 
thickness [24]. In that sensor, GNP multilayer thin 
ﬁlms were fabricated on polymethyl methacrylate 
substrates by using myoglobin as a linkage agent. 
With the ambient humidity changed, the alpha helical 
secondary structure myoglobin molecules changed, 
which meant the change of  the molecular size of  
myoglobin. Thus, the interparticle spacing and 
thereby interparticle interaction changed,  causing 
a change in the LSPR absorption of  the multilayer 
thin ﬁlm [24]. 
In addition to SPR-based biosensors, GNPs are 
also incorporated into other optical structures, for 
example, interferometer-based biosensors. Recently, 
a GNP-enhanced immune sensor based on ﬁber optic 
interferometry was reported by Tseng and co-workers 
[50]. Using a GNP-binding ﬁber, they demonstrated 
that an enlarged index mismatch and an elongated 
optical path by GNPs conjugated on recognition 
proteins contributed most to signal enhancement of  
the interference fringe shift. They also showed that 
the interference fringe shift was linearly related to 
both the amount and size of  the GNPs [50]. Surface-
enhanced Raman scattering (SERS) is another optic 
transduction mode that can greatly beneﬁt from the 
use of  GNPs[51]. Cao et al. reported a multiplexed 
detection method of  oligonucleotide targets used 
nanoparticles functionalized with oligonucleotides 
and Raman-active dyes [52]. The gold nanoparticles 
facilitated the formation of  a silver coating that acted 
as a promoter for the Raman scattering of  the dyes. 
High sensitivity down to the 20 fM DNA level has 
been reported.
2.2 GNP-based electrochemical biosensors
Electrochemical biosensors, which convert the 
biological binding events into useful electrical 
signals, have received considerable attention in 
the past few years because they may provide 
fast, simple, and low-cost detection capabilities. 
Moreover, the use of  GNPs for electrochemical 
biosensing arouses much research efforts [53]. The 
excellent biocompatibility, conductivity and catalytic 
properties make GNPs candidates to amplify the 
electrode surfaces, enhance the electron transfer 
between redox centers in proteins, and as catalysts 
to increase electrochemical reactions. 
2.2.1 GNPs act as electron transfer “electron wires”
In many bioelectrochemical reactions, the electron 
transfer between the redox-protein and the electrode 
surface is the key subject to be detected. However, 
the active centers of  most oxidoreductases are 
surrounded by considerable thick insulating protein 
shells, and thus the electron transfer between 
electrodes and the active centers is blocked, resulting 
into poor analytical performances of  electrochemical 
biosensing without electron transfer mediators. 
Some compounds, such as ferrocene derivatives 
[54], quinones [55], and poly-2-aminoaniline 
polymer [56] etc., were able to shuttle electrons. 
Interestingly, the conductivity properties of  GNPs 
enhance the electron transfer between the active 
centers of  proteins and electrodes and thus they act 
as electron transfer “electron wires”. Natan’s group 
have proved the direct electron transfer between the 
electrode and the protein by GNPs in 1996 for the 
ﬁrst time [57]. They showed the direct, reversible 
cyclic voltammetry of  horse heart cytochrome at 
12-nm-diameter modiﬁed SnO
2
 electrode, without 
any pretreatment or polishing steps. They also found 
that the nanometer-scale morphology of  metals 
was closely related to the protein electrochemistry. 
Since then, a series of  papers has reported the 
electron communication between the biocatalysts 
and electrodes using GNPs as promoter [58-69]. 
Willner and co-workers studied the electron transfer 
turnover rate of  a reconstituted bioelectrocatalyst 
using GNPs  [4]. As shown in Fig. 3, they 
constructed a reconstituted GNP-glucose oxidase 
(GO
X
)-monolayer electrode by two different ways: 
functionalizing 1.4 nm GNPs with N6-(2-aminoethyl)-
ﬂavin adenine dinucleotide (FAD), reconstituting 
apo-GO
X
 with the FAD-functionalized GNP, and then 
assembling the GNP-GO
X
 on a gold electrode; or 
ﬁrstly assembling the FAD-functionalized GNP on the 
electrode and reconstituting apo-GO
X
 subsequently. 
Both enzyme electrodes exhibited very fast electron 
transfer between the enzyme redox centre and the 
electrode in the presence of  the gold nanoparticles. 
The electron transfer rate was found to be about 
5000 per second, while the rate between glucose 
oxidase and its natural substrate, oxygen, was ~700 
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per second [4]. The excellent electron transfer ability 
of  GNPs are due to an environment similar to that of  
redox proteins in native systems and give the protein 
molecules more freedom in orientation.
GNPs dispersed in polymeric matrices are also 
used to construct electrochemical biosensors 
with increased stability, improved processability, 
reusability and solubility in a variety of  
solvents [70]. The nanocomposite of  GNPs 
and biopolymer, such as chitosan and poly 
(p-aminobenzene sulfonic acid) has been 
employed as an excellent matrix for fabricating 
novel biosensors [61, 71-74]. For instance, Xu and 
co-workers reported a nanocomposite composed 





bioelectrochemical sensing [61]. The water-soluble 
nanocomposite provided horseradish peroxidase 
a stable, almost native and biocompatible 
environment, which promoted the direct electron 
transfer between horseradish peroxidase and 
the electrode. The biosensor exhibited a fast 
amperometric response (5 s), a good linear response 
over a wide range of  concentrations from 5.0×10−6 to 
1.4×10−3 M, and a low detection limit of  4.01×10−7 M 
with good stability and sensitivity [61]. Furthermore, 
by immobilization of  four different  horseradish 
peroxidase-labeled antibodies modiﬁed GNPs 
on screen-printed carbon electrodes with chitosan/
sol-gel, Ju’s group fabricated a disposable 
reagentless electrochemical immunosensor array, 
which implemented simultaneous multianalyte 
testing [75]. 
2.2.2 GNPs act as immobilization platform
The bioactivity, stability and quantity of  the biological 
recognition elements immobilized on the electrode 
are important topics in bioelectrochemistry. Generally, 
the adsorption of  biomolecules directly onto naked 
surfaces of  bulk materials may frequently result in 
their denaturation and loss of  bioactivity. The GNPs 
offer excellent candidates for the immobilization 
platform. The adsorption of  biomolecules onto the 
surfaces of  GNPs can retain their bioactivity and 
stability because of  the biocompatibility and the 
high surface free energy of  GNPs [76, 77]. GNPs, as 
compared with ﬂat gold surfaces, have a much higher 
surface area, allowing loading of  a larger amount of  
protein and are potentially more sensitive. Thus, a 
number of  labs have explored the contribution of  
GNPs for biomolecular immobilization [78-81]. For 
example, Andreescu et al. developed a sensitive 
and reagentless electrochemical glucose biosensor 
based on surface-immobilized periplasmic glucose 
receptors on GNPs [82].  The sensor was fabricated 
by immobilization of  genetically engineered 
periplasmic glucose receptors to the GNPs, and 
showed selective detection of  glucose in the 
micromolar concentration range, with a detection 
limit of  0.18 μM [82]. Many similar studies have been 
reported for the construction of  biosensors based 
on the immobilization of  different proteins with 
GNPs, such as horseradish peroxidase [62, 83], 
microperoxidase-11 [84], tyrosinase [85] and human 
serum albumin [86]. Some biosensing elements 
are directly linked to the nanoparticles by the use 
of  sulfur atoms within the bioentity [82], some are 
attached to the gold surface via thiol linkers [87, 88], 
and some are immobilized through covalent bonds 
[89], or amine groups [90]. 
In addition to enzyme [91] or antigen or antibody 
[81, 90, 92] immobilization, electrochemical 
DNA biosensors based on the immobilization of  
oligonucleotides with GNPs are also extensively 
studied. Generally, in order to bind to the GNPs, 
the oligonucleotides need modiﬁcation with special 
functional groups that can interact strongly with 
GNPs. Thiol group are the most widely used groups 
for DNA and gold linkages [93, 94]. Kang and 
his colleagues immobilized thiol-modiﬁed probe 
oligonucleotides at the 5’ phosphate end on the GNPs 
modiﬁed electrode surface [95]. Due to the high 
surface-to-volume ratio of  GNPs, the hybridization 
amount of  target DNA was greatly increased. 
Some other functional groups are also investigated. 
Fang and co-workers [96] immobilized an 
oligonucleotide with a mercaptohexyl-group at the 
5’-phosphate end onto the 16 nm diameter GNPs, 
which were self-assembled on a cystamine-modiﬁed 
gold electrode. The saturated immobilization 
quantities of  single-strand DNA on the modiﬁed 
electrode were about 10 times larger than that of  a 
bare gold electrode.
GNPs are often conjugated with other nanomaterials 
to improve their binding capacity [97-99]. In this 
context, carbon nanotubes (CNTs) have attracted 
much interest due to their unique properties [100]. 
Nanohybrids of  GNPs and CNTs offer a more effective 
immobilization matrix than that of  GNPs alone. Cui et 
al. described a sensitive electrochemical biosensor 
with GNPs/ CNTs hybrids platform modiﬁed glass 
carbon electrode [101]. The CNTs were ﬁrst 
activated and assembled on the electrode surface. 
Subsequently the GNPs were electrostatically 
adsorbed to the CNTs surface, followed by 
immobilization of  the biosensing element, goat anti-
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human IgG, onto the GNPs. This approach exhibited 
a linear response range to IgG between 0.125 and 
80 ng/mL with a detection limit of  40 pg/mL [101]. 
2.2.3 GNPs act as electrocatalyst
While bulk gold is chemical inert, recent studies 
show that nanosized GNPs exhibit extraordinary 
catalytic activity [102-104], which is utilized by 
several studies in electrochemical biosensing 
[105-109]. The catalytic properties of  GNPs, which 
are believed to originate from the quantum scale 
dimension [110], the large surface-to-volume ratio 
and the interface-dominated properties [111, 112], 
can decrease overpotentials of  many analytically 
important electrochemical reactions, realize the 
reversibility of  some redox reactions, and might 
even allow fabrication of  enzyme-free biosensors. 
A recent research reported by Tuener et al. [113] 
has studied the effect of  GNPs’ diameter and 
supported material on the catalytic activity of  GNPs. 
They showed that very small gold entities (~1.4 nm) 
derived from 55-atom gold clusters and support 
materials are efﬁcient and robust catalysts for the 
selective oxidation of  styrene by dioxygen. A sharp 
size threshold in catalytic activity, where particles 
with diameters of  2nm and above are completely 
inactive, was also determined. Their observations 
suggested that catalytic activity arises from the 
altered electronic structure intrinsic to small gold 
nanoparticles. 
An electrocatalytic oxidation of  NADH by GNPs on a 
gold electrode, demonstrated by Raj et al., underpins 
the catalytic activity of  nanosized gold [114]. The 
biosensor was fabricated by self  assembling of  GNPs 
on a (3-mercaptopropyl)-trimethoxysilane (MPTS) 
modiﬁed polycrystalline gold (polygold) electrode. 
The GNPs self-assembled polygold-MPTS electrode 
showed a decrease in overpotential of  780mV in 
the presence of  NADH without any electron transfer 
mediators [114]. The catalytic effect of  GNPs was 
explained by the oxidation effect of  surface oxides, 
which originated from the unusually oxidation 
of  GNPs at low potential. A more detailed study 
similar to this case was reported by the same group 
later [115]. Nitric oxide electrochemical sensors 
fabricated on GNPs modiﬁed platinum microelectrode 
[116] or dense GNP ﬁlm modiﬁed electrode [117] 
were also reported to be based on the catalytic 
oxidation of  GNPs. 





could be applied to develop biosensors for several 
kinds of  analysts, for example, glucose. Bharathi and 
co-workers reported a glucose biosensor based on 
the electrodeposited biocomposites of  GNPs and 
glucose oxidase enzyme [118]. Furthermore, the 
GNPs could also be utilized to fabricate enzyme-free 
biosensors. For instance, an enzyme-free glucose 
biosensors was reported to be constructed by the 





























































































































































Construction of  enzyme-free glucose biosensors by self-assembled of  GNPs on a 3D silicate network. (From [119]. Reproduced with 
permission from Wiley-VCH Verlag GmbH & Co. KGaA)
Figure 4
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sol-gel technique for immobilization of  GNPs [119] 
(Fig. 4). In this study, the GNPs were self-assembled 
on a 3D silicate network on a gold electrode. 
As the GNPs were distributed both inside the sol-gel 
network and on the electrode surface, the active sites 
of  GNPs effectively partake in the catalytic oxidation 
process, which made the GNPs act like a nanoscale 
electrode and provide a conduction pathway. 
The catalysis of  GNPs also exhibits selectivity, which 
enables selective electrochemical analysis. Ohsaka 
and coworkers developed an electrochemical sensor 
for selective detection of  dopamine in the presence 
of  ascorbic acid [120]. The catalytic effect of  GNPs 
on the ascorbate oxidation, which resulted in the 
decrease of  the oxidation overpotential of  ascorbic 
acid and the effective separation of  the oxidation 
potentials of  ascorbic acid and dopamine, allow the 
selective electrochemical detection. 
The three paragraphs above have summarized some 
different roles that GNPs play in electrochemical 
biosensors. However, the unique and attractive 
properties of  GNPs present several opportunities 
to provide better analytical characteristics for 
electrochemical biosensing, which are not conﬁned 
to the three categories. For example, GNPs can act 
as biomolecule tracers to stabilize the biomolecules, 
retain the bioactivity, and enhance the sensitivity 
[121-123]. Nevertheless, the GNPs are always 
initially in suspension in this case, which is beyond 
the scope of  this review. So this ﬁeld is not discussed 
herein. Another point needs to be illustrated is 
that charming properties of  GNPs enable them 
to play more than one role in one electrochemical 
biosensor. For instance, the large surface area, 
good biocompatibility, and conductivity properties 
are always utilized at the same time to improve 
the electrochemical analytical characteristics 
[88, 124-128].  
2.3 GNP-based piezoelectric biosensors
Piezoelectric biosensors measure the mass change 
arising from the biological recognition process. The 
piezoelectric effect, which described the relation 
between a mechanical stress and an electrical 
change in solid, was ﬁrst discovered in 1880 by the 
Jacques and Pierre Curie brothers. They observed 
that when a mechanical stress was applied on 
crystals, electrical changes appeared, and this 
voltage was proportional to the stress. They also 
veriﬁed the converse piezoelectric effect that a voltage 
across these crystals caused a corresponding 
mechanical stress. 
Many types of  materials, such as tourmaline, topaz 
or quartz show the piezoelectric effect. but the most 
common type used in piezoelectric analysis is quartz. 
The quartz crystal microbalance (QCM) is one of  the 
most important techniques based on piezoelectric 
effect. However, for biosensing, in which the target 
detection molecules are always in trace quantity, the 
sensitivity of  QCM remains to be further enhanced. 
As the high density and high surface-to-volume 
ratio of  GNPs can amplify the mass change on the 
crystals during the analysis, numerous research 
groups focus on improving the analytical sensitivity 
by coupling GNPs with the QCM sensing process. 
In 2000, Jiang’s  [129] and Li’s group [130] reported 
ampliﬁed DNA microgravimetric sensor by  GNPs 
(Fig. 5). Given that the crystals of  higher frequencies 
were difﬁcult to remain frequency stable, both of  
them considered that amplifying the mass change 
on the electrode was more suitable to lower the 
detection limit. Li and his co-workers developed a 
sandwich-type ternary complex consisting of  an 
oligodeoxynucleotide (ODN) immobilized on a QCM 
electrode, a target DNA and a GNP modiﬁed DNA, 
in which the latter two oligonucleotides were both 
complementary to the ODN (Fig. 5b). By interaction of  
the ODN and target DNA complex with four different 
oligonucleotides (GNP modiﬁed DNA complementary 



















Schemes of  two ampliﬁed DNA microgravimetric biosensors 
by GNPs. (a) Immobilization of  GNPs on gold surface of  
QCM [129]; (b) Modiﬁcation of  DNA with GNPs. (From [130]. 
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GNP modiﬁed DNA complementary to ODN with 
a ﬁve-base mutation, and GNP modiﬁed DNA not 
complementary to ODN), they concluded that the 
GNP which was binding to the ODN served to enhance 
the signals. It was considered that in comparison to 
the masses of  the binding pair members themselves, 
the relatively large mass of  each GNP contributed 
to amplify the frequency shift and substantially 
extend the limits of  sensitivity of  the QCM detection 
system [130]. Different from Li’s group, Jiang et al. 
immobilized GNPs onto the gold surface of  QCM, 
followed by immobilization of  17mer-oligonucleotide 
probes onto the GNPs (Fig.5a). The target DNA was 
detected by hybridization reaction with the probes. 
The relatively large surface area of  the GNPs was 
considered to immobilize more probes onto the 
gold surface of  the QCM, and thereby enhance 
the sensitivity [129]. Based on this work, Jiang’s 
group developed a series of  DNA QCM biosensors 
using GNPs as ampliﬁcation tags [131-134], and 
the lowest detection limit of  DNA obtained was 
10-16 mol/L [134]. GNPs are also successfully used as 
ampliﬁcation tags in some other DNA piezoelectric 
biosensors, such as a DNA point mutation detection 
method based on DNA ligase reaction and GNP 
ampliﬁcation [135], single-base mismatches 
detection using GNP-catalyzed deposition of  gold 
on GNP-avidin conjugate to amplify the signals 
[136, 137], and Enterohemorrhagic Escherichia coli 
O157:H7 real-time detection using GNPs as a mass 
enhancer [138]. 
Another interesting research area based on GNPs 
and QCM is immuno-sensing or ligand-sensing. For 
example, a dendritic ampliﬁcation immunoassay 
using GNP immunocomplex successfully detected 
as low as 3.5 ng/mL human IgG [139]. The method 
immobilized goat anti-human IgG on the gold 
electrode surface of  QCM via pre-assembled 
protein A. The dendritic ampliﬁcation process 
was implemented by interaction of  the goat 
anti-human IgG with IgG-functionalized GNPs, 
and the subsequently interaction with the 
immunocomplex of  protein A- and IgG-modiﬁed 
GNPs.  Compared to the direct QCM determination 
without ampliﬁcation, this assay lowers the 
detection limit by three orders of  magnitude [139]. 
Nevertheless, the analysis time of  the method, 
which was another important property of  
immunosensor, was relatively long. Similarly, by 
employing a strepavidin-biotin interaction as 
a model system, Kim et al. reported a sensitive 
biosensor using GNPs as signal ampliﬁcation 
tags [140].
From these examples and other GNP-based 
piezoelectric biosensors, the mechanisms of  the 
sensitivity enhancement contribution of  GNPs can 
be summarized as follows: Surface enhancement 
effect and mass enhancement effect. A piezoelectric 
sensor is mass-sensitive device, which means any 
strategies that amplify the mass change will improve 
the analytical sensitivity. The quantity and activity 
of  biological recognition elements immobilized on 
the sensing surface of  piezoelectric biosensors 
determines sensitivity as well as the regeneration 
ability. The high surface area-to-volume ratio and 
biocompatibility of  GNPs, which provide a very 
large number of  interaction sites, make GNPs 
potential candidates to amplify the sensing surface 
area and maintain the sensing bioactivity, thereby 
enhance the quantity and activity of  biological 
recognition elements [129, 132, 136].  Moreover the 
excellent biocompatible can improve the stability 
of  the biological recognition and the relatively 
high density of  GNP allows application as a mass 
enhancer [130, 131, 133-135, 137, 138, 140, 141]. 
The mass ampliﬁcation is generally implemented via 
modiﬁcation or interaction of  the analyte adsorbed 
onto the sensing surface of  GNPs. In addition, the 
dendritic ampliﬁcation technique [139] and in situ 
catalyzed growth of  GNPs [137, 142] can enhance 
the mass change at a much larger scale.
Conjugation of  GNPs with other nanomaterials also 
gains much interest in piezoelectric biosensors. In 







a bioceramic analogous to the mineral component 
of  bone with great biocompatibility and particular 
multi-adsorbing sites, has attracted a lot of  attention. 
For instance, a GNP/HA hybrid nanomaterial was 
developed and used as substrate to immobilize the 
recognition reagent [143]. The new hybrid material 
shows particular structure with multi-adsorbing sites 
and multifunctional advantages such as high surface 
area, satisfactory biocompatibility, good solubility 
and dispersibility, which not only allows a large 
amount of  recognition reagent to be loaded, but 
also gives the immobilized recognition reagent more 
freedom in orientation. The employment of  GNP/HA 
hybrid nanomaterial in QCM endowed an alpha-
fetoprotein immunosensor with a remarkably higher 
sensitivity than that used only GNP or HA [143]. By 




, a magnetic material which 
allows magnetic separation, into the GNP/HA hybrid 
nanomaterial, a reusable piezoelectric immunosensor 
using antibody-adsorbed magnetic nanocomposite 
was developed by the same lab recently [144].
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3 Summary and outlook
 
The unique and superior properties of  GNPs have 
shown strong potential for the development of  
analytical systems with attractive and promising 
analytical behaviors. The studies described above 
demonstrated the advantageous performances of  
GNPs for three main types of  biosensor. Whatever 
roles the GNPs play in the process of  biosensing, 
they provide much better analytical performances 
for biosensors in term of  sensitivity, selectivity, 
reliability etc. However, this rapidly extending area is 
still in its infancy from the viewpoint of  practical, real-
world applications, and the widespread practical 
application of  GNPs-based biosensor is not possible 
currently. There remain challenges to be addressed 
before the full potential of  GNPs for biosensor 
applications can be realized. In order to fully exploit 
the potential application of  GNPs in biosensor, design 
of  GNPs based biosensors for high throughput and 
multiplexed identiﬁcation of  biomarkers should 
be given attention. Another promising research 
direction is the production of  GNPs with long-term 
stability in various environments. In addition, as size 
and nanostructure greatly effects on the optical and 
electrical properties of  GNPs, researches on design 
and synthesis of  GNPs with well-deﬁned geometry 
and properties will promote the application of  
GNPs in biosensors. Compositing GNPs with other 
nanomaterials is also an intriguing direction. With 
the enormous emerging nanomaterials, hybrids of  
GNPs and other nanomaterials may display distinct 
properties. In addition to exploration of  new structure 
or new composition, effort in improving the analytical 
performance at the present stage, such as preventing 
nonspeciﬁc adsorption of  biomolecules onto GNPs, 
or shorten the analysis time, also deserves the full 
attention.       
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